Introduction
Prostate cancer is the third leading cause of cancer deaths in men in the USA, and it is estimated that there will be 234 460 new cases and 27 350 additional deaths in 2006 due to prostate cancer (1) . Epidemiological studies have shown that diets rich in fruits and vegetables have preventive effects on chronic diseases including prostate cancer (2) (3) (4) . The preventive effects associated with vegetable consumption can be attributed in part to their content of antioxidant polyphenols because oxidative stress plays a role in tumor development (5, 6) . Chronic inflammation, uncontrolled proliferation of prostatic epithelial cells and inappropriate regulation of apoptosis may also play an important role in prostate cancer promotion and progression (7, 8) . Polyphenols also exhibit anti-inflamatory, antiproliferative and proapoptotic properties in addition to antioxidant activity, suggesting their role as chemopreventive agents (9, 10) .
A number of studies have examined the anticancer effects of polyphenols such as phenolic acids and anthocyanins. Caffeic acid phenyl ester suppressed proliferation of HO-1 (human melanoma cells) and GBM-18 (human glioblastoma) (11) . Ferulic and chlorogenic acid (100 mg/kg) decrease lung tumors in A/J mice by 30-40% (12) . The chemopreventive mechanisms of anthocyanins include scavenging free radicals, reducing cell proliferation, up-regulating/inducing apoptosis and modulating mitogen-activated protein kinase (MAPK) activities (13) . Anthocyanins and their aglycones such as cyanidin, delphinidin, malvidin, pelargonidin and peonidin exhibit antiproliferative and proapoptotic properties in gastric adenocarcinoma (14) , HT-29 and Caco-2 (colon cancer) (15) and bovine aortic endothelial cells (13) , and also protect against esophageal cancer in rodents (16) .
Specialty (colored) potato (Solanum tuberosum L.) contains significant levels of phenolic acids and anthocyanins (17, 18) and there is high consumption of this vegetable, with $135 pounds per capita in the USA. Earlier studies (19) (20) (21) (22) have focused on identification and quantification of polyphenols and their antioxidant properties in potatoes. Little information is available on the antiproliferative and proapoptotic properties of potato polyphenols against prostate cancer and the molecular mechanisms involved in this process.
In this study, we have investigated the effects of specialty potato extracts and their fractions on PC-3 (androgen independent) and LNCaP (androgen dependent) prostate cancer cells. Polyphenols from four specialty potato cultivars, CO112F2-2, PATX99P32-2, ATTX98462-3 and ATTX98491-3, were used. The CO112F2-2 extracts showed potential growth inhibition, and extracts were then fractionated into anthocyanin, phenolic acid fraction (PF) and organic acids. The anthocyanin fraction (AF) showed potent antiproliferative properties and increased levels of the cyclin-dependent kinase inhibitor p27 in both LNCaP and PC-3 cell lines. The AF induced apoptosis in both LNCaP and PC-3 cells; however, the effects were cell context dependent. In PC-3 cells, the AF induced caspase-independent apoptosis associated with nuclear translocation of endonuclease G (Endo G) and apoptosis-inducing factor (AIF), whereas both caspasedependent and caspase-independent pathways were induced in LNCaP cells. These findings suggest that the cytotoxic effects involve induction of apoptosis rather than necrosis through caspase dependent and independent pathways. In addition, pretreatment of cells with c-jun N-terminal kinase and MAPK inhibitors blocked apoptotic pathways in both cell lines.
Materials and methods

Chemicals
The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical, Folin-Ciocalteu reagent, dimethyl sulfoxide (DMSO) and N-acetyl cysteine (NAC) were purchased from Fisher Scientific (Pittsburgh, PA). Ethanol, methanol and ethyl acetate were purchased from VWR International (Bristol, CT). Trolox and chlorogenic acid were obtained from Sigma (St Louis, MO), and malvidin was purchased from the Indofine Chemical Company (Hillsborough, NJ). IN) . Antibodies for p27, cyclin D1, pc-jun, p-erk, c-jun, erk, glucose-related protein 78, AIF and Bax were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), Endo G was from Prosci (Poway, CA).
Cleaved PARP, cleaved caspases 3, 9 and cytochrome C were obtained from Cell Signaling Technology (Beverly, MA). Western lightning TM chemiluminiscence reagents were from PerkinElmer Life Sciences (Boston, MA). Four different specialty potato selections (CO112F2-2P/P, ATTX98462-3RY/  Y, PATX99P32-2RY/YR, ATTX98491-3YR/Y) were grown near McCook, TX. Tubers from each selection were harvested and transported at ambient temperature to Texas A&M University, College Station. Uniformly sized tubers without any defects were washed, diced into 0.5 cm cubes and freeze dried. These freeze-dried samples were stored at À20°C for further analysis.
Selection and sample preparation and fractionation
Freeze-dried tuber samples (0.5 g) were homogenized with 15 ml of 85:15 ethanol:water using an Ultra-Turrax Tissumizer T25 (Cincinnati, OH) (30 000g) and stored for 12-15 h at À20°C. Samples collected after centrifugation were concentrated and diluted to 5 ml using 0.01% aqueous HCl (whole extract). The whole extract was passed through the C-18 Sep-Pak cartridges (Waters, Milford, MA) preconditioned with 0.01% acidified methanol to absorb phenolics and anthocyanins (23, 24) . Sugars and organic acids were eluted from the column with 0.01% aqueous HCl and collected as the organic acid fraction. Phenolics other than anthocyanins were collected by eluting the column with ethyl acetate (PF), and the AF was obtained by eluting the column with 0.01% methanolic HCl. The fractions were concentrated (under nitrogen gas) and reconstituted with either alcohol or DMSO.
Antioxidant activity
Antioxidant activity was estimated using the DPPH assay. DPPH is a stable free radical which reacts with oxidants and exhibits decreased absorbance at 515 nm (25) . Aliquots of the column fractions (150 ll) were incubated with 2850 ll of diluted DPPH solution for 24 h at 25°C, and the absorbance was measured at 515 nm. The blank or negative control contained all the reaction reagents except the sample. Trolox (6-hydroxy-2, 3, 7, 8-tetramethylchroman-2-carboxylic acid) was used as a positive control. The results were expressed as microgram of Trolox equivalents per gram fresh weight (lg Teq/gfw).
Total phenolic content
The total phenolic content was measured spectrometrically using the FolinCiocalteu colorimetric method (26) . The sample (150 ll) was diluted with 2.4 ml water and incubated with 150 ll of 0.25 N Folin-Ciocalteu reagent and 300 ll of 1 N Na 2 CO 3 for 2 h with shaking at 25°C. The absorbance was recorded at 725 nm, and results were expressed as microgram of chlorogenic acid equivalents per gfw (lg CGA eq/gfw). The phenolic composition of the fractions was identified using high-performance liquid chromatography with authentic reference standards.
Cell lines
Human prostate carcinoma cell lines PC-3 (androgen independent) and LNCaP (androgen dependent) were obtained from the American Type Culture Collection (Manassas, VA), and cells were maintained at 37°C in 5% CO 2 jacketed incubator in RPMI 1640 (Sigma) supplemented with 2.38 g/l N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid 2.0 g/l sodium bicarbonate, 0.11 g/l sodium pyruvate, 4.5 g/l glucose, 100 ml/l fetal bovine serum and 10 ml/l antibiotic antimycotic solution (Sigma).
Cell proliferation assay
Cells were plated at a density of 2 Â 10 4 per well in 96-well plates. After 24 h, media was replaced with Dulbecco's modified Eagle's medium F-12 media containing 2.5% charcoal-stripped serum, and ethanol extracts of four different specialty potato varieties were tested at different concentrations. Every 24 h, cell proliferation was measured using the water-soluble tetrazolium assay which required preincubation of cells in media for 4 h with the tetrazolium salt water-soluble tetrazolium-1 (4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (10 ll per well) followed by measuring absorbance at 450 nm. Percent cell proliferation was calculated based on control absorbance (100%). Results are expressed as means ± SEs for at least three separate experiments for each treatment group.
Cell proliferation was also determined using a Z1 Coulter Counter. Cells were plated at a density of 2.5 Â 10 4 cells per well in 12-well plates, and after 24 h, Dulbecco's modified Eagle's medium F-12 media containing 2.5% charcoal-stripped fetal bovine serum was used and cells were treated with DMSO (solvent control) and different concentrations of the whole potato extracts or fractions. Fresh media along with compounds was added every 48 h. Cells were counted after 24, 48 and 72 h using a Coulter Counter. Each experiment was carried out in triplicate, and results were expressed as means ± SEs.
Fluorescence-activated cell sorting analysis
LNCap and PC-3 cells were plated at a density of 15 Â 10 5 cells per 100 mm plate, and after 24 h treatment with either the vehicle (DMSO) or whole potato extracts (5 or 10 lg/ml), cells were trypsinized and centrifuged. The pellet was resuspended with 1 ml of PI (Propidium Iodide) staining buffer containing 4 mM sodium citrate, 0.1% Triton X-100, 50 lg/ml propidium iodide and 200 lg/ml RNAse and incubated for 10 min at 37°C in the dark, and the final concentration of sodium chloride was adjusted to 0.15 M. Cells were analyzed using FACS Calibur flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA) and CellQuest (Becton Dickinson Immunocytometry Systems) acquisition software. Results were reported as percent cells in each phase of the cell cycle.
Apoptosis DNA fragmentation was measured using an ELISA assay (Cell Death Detection ELISA; Roche Diagnostics) in both LNCaP and PC-3 cell lines. Cells were seeded in a 48-well plate at a density of 2.5 Â 10 4 cells per well. Cells were incubated for 24 h with whole potato extract or fractions, then scraped and pelleted by centrifugation. Cells were then lysed and diluted to 1 Â 10 4 cells per ml with incubation buffer, and the color development was measured according to the manufacturer's manual. The supernatant from the pelleted cells was used to measure cytotoxicity using an lactate dehydrogenase cytotoxicity detection kit.
TUNEL assay
Cells (4 Â 10 4 ) were seeded in four-chambered glass slides, and after treatment for 12 h, the in situ cell death detection POD (horse-radish peroxidase) kit was used for the TUNEL assay according to the instruction manual protocol for fixed cells. After the incubation of cells with POD and diaminobenzidene substrate, apoptotic DNA fragmentation was detected by visualizing labeled DNA using a light microscope. Slides incubated without TdT (terminal deoxynucleotidyl transferase) served as a negative control, and slides treated with 1000 U DNAse I/ml for 10 min before TdT exposure served as a positive control. The percentage of apoptotic cells was calculated by counting the stained cells in 12 fields, each containing 50 cells.
Western blot analysis
LNCaP and PC-3 cells were seeded at a density of 1.5 Â 10 5 cells per ml in Dulbecco's modified Eagle's medium F-12 media with 2.5% charcoal-stripped fetal bovine serum for 24 h. Cells were treated with DMSO or the potato extract or fraction for 24 and 48 h. Protein was extracted into a high-salt buffer containing 1% proteinase inhibitor cocktail (Sigma-Aldrich), and proteins were quantified using the Bradford reagent. After boiling the sample for 3 min at 100°C, 60 lg of protein was loaded per lane on acrylamide gel (10%, 12% and 15%) and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 120 V for 3-4 h. Proteins were transferred by wet blotting onto 0.2 l polyvinylidene difluoride membrane (Bio-Rad, Hercules CA). Membranes were blocked using 5% milk in TBST for 30 min and incubated with primary antibody either in fresh 5% milk in TBST or 3% bovine serum albumin in TBST overnight at 4°C with gentle shaking and incubated with the secondary antibody (1:5000) in 5% milk TBST for 90 min. The concentrations of the primary antibodies ranged from 1:250 to 1:5000. The membrane was incubated with chemiluminescence solution (PerkinElmer Life Sciences) after washing for 1 min and the membrane was exposed to X-ray film and developed.
Statistical analysis
Significance among treatments was determined by analysis of variance and Fisher least significant difference at 5 and 1% significance level. The results are expressed as means ± SEs for three replicates for each treatment.
Results
Phenolic content and antioxidant activity
Previous studies show that potato extracts contain several classes of phytochemicals that exhibit anticancer activity, including phenolic acids, flavonoids, anthocyanins and carotenoids (18) . Many of the phenolic components also exhibit antioxidant activity. The total phenolic content was estimated using the Folin-Ciocalteu reagent, and the rank order for the phenolic content of these extracts was CO112F2-2 % PATX99P32-2 . ATTX98491-3 . ATTX98462-3. The antioxidant activity of the extracts determined using the DPPH assay showed that their relative activities were CO112F2-2 % PATX99P32-2 . ATTX98491-3 . ATTX98462-3. These results show that there was a correlation between the antioxidant activity and phenolic content of the extracts, and this was similar to a previous report showing a positive correlation between antioxidant activity and phenolic content of potato extracts (18) .
Inhibition of prostate cancer cell growth by extracts of potato cultivars The potential growth inhibitory effects of the extracts were investigated using androgen receptor (AR)-positive LNCaP and AR-negative PC-3 prostate cancer cell lines. Figure 1 illustrates the effects of different concentrations of the extracts (expressed as micrograms of chlorogenic acid eq/ml) on proliferation of LNCaP cells, and the results show that the IC50 values for the CO112F2-2 extract (2.5-5 lg/ml) were lower than that observed for the other extracts where IC50 values were 5-10 lg/ml. A comparable cell proliferation study was carried out in PC-3 cells, and the results ( Figure 1 ) were similar to those observed in LNCaP cells and the extracts from the CO112F2-2 cultivar were the most potent inhibitors of cell proliferation. Results using the water-soluble tetrazolium assay in LNCaP and PC-3 cells were similar to those observed for cell proliferation, with the CO112F2-2 extract being the most potent.
LNCaP and PC-3 cells were grown in 2.5% charcoal-stripped serum for 24 h and treated with DMSO (solvent control), 5 and 10 lg/ml CO112F2-2 cultivar extract. The percentage distribution of cells in the G 0 /G 1 , S and G 2 /M phases was determined by FACS analysis after 24 h (Figure 2 ). Both concentrations of the extract decreased the percentage of LNCaP cells in the S phase and increased the percentage in G 0 -G 1 . In contrast, even 10 lg/ml did not alter the percentage distribution of cells in the G 0 -G 1 , S or G 2 -M phases in PC-3 cells, indicating cell context-dependent differences in the effects of these extracts on G 0 /G 1 -S phase cell cycle progression (Figure 2) .
Inhibition of prostate cancer cell growth by fractions
In order to identify the active fraction, extracts from the CO112F2-2 cultivar were fractionated into organic acid fraction, PF, and AF using cartridges as described in the Materials and Methods and previous studies (23, 24) . Figure 3 illustrates the effects of different fractions on Fig. 1 . Growth inhibition of (A) LNCaP and (B) PC-3 cells treated with potato extracts from cultivars CO112F2-2, PATX99P32-2, ATTX98462-3 and ATTX98491-3 at 1-10 lg chlorogenic acid eq/ml for 72 h and cell numbers were determined using a Coulter counter. Results are expressed as means ± SEs for three experiments at each time point.
Anthocyanin fraction from potato extracts is cytotoxic to prostate cancer cells proliferation of LNCaP and PC-3 cells. The effects of the organic acid fraction and PF were not significantly different from the solvent control as inhibitors of cell proliferation, even after treatment for 72 h. In contrast, IC50 values for the AF were 2.5-5 lg/ml, indicating that the AF was the most active component of the potato extracts for inhibition of LNCaP and PC-3 cell proliferation.
FACS analysis was also used to determine the distribution of both LNCaP and PC-3 cell lines in the G 0 -G 1 , S and G 2 -M phases after treatment of the cells with 5 or 10 lg/ml AF for 24 h. The AF significantly increased the percentage of LNCaP cells in the G 0 -G 1 phase and decreased in the S phase; however, as observed with the whole-cell extract (Figure 3) , the AF did not affect G 0 /G 1 -S phase progression in PC-3 cells.
Modulation of cell cycle proteins by the extracts of potato or fractions The effects of whole potato extracts and the AF on cyclin D1 and p27 protein expression were investigated in LNCaP and PC-3 cells. The results show that the extract and AF considerably increased p27 protein levels in both LNCaP and PC-3 cell lines after treatment for 6-24 or 18-24 h, respectively (Figure 3) . In contrast, none of the treatments affected levels of cyclin D1 protein.
Effects of extracts of potato or fractions on apoptosis
The potato extracts and AF inhibited cell proliferation and at higher concentrations or after treatment for 72 h, dead cells were observed; therefore, we further investigated their cytotoxic effects in a series of assays. The effects of the potato extract or AF (5 or 10 lg/ml) on prostate cancer cells were investigated using a cell death detection ELISA kit (Figure 4 ). The potato extract and AF significantly induced apoptosis in both cell lines compared with untreated cells, and the apoptotic responses were similar to those observed for camptothecin, a known apoptotic inducing agent. The TUNEL assay was used to confirm the induction of apoptosis by the potato extract and AF. The brown staining characteristic of DNA fragmentation was observed ( Figure 4C ), and quantification of these results showed ( Figure 4D ) significant induction of apoptosis in LNCaP and PC-3 cells after treatment with 5 lg/ml extract and AF.
The effects of potato extracts and the AF on caspase-dependent PARP cleavage and activation (cleavage) of caspases are illustrated in Figure 5 . Cleaved PARP, cleaved caspase 3 and cleaved caspase 9 proteins were increased in LNCaP cells treated with potato extract or AF for 12, 18 and 24 h ( Figure 5A ). Bax protein levels were also induced, and these results confirm that the potato extracts and AF are potent inducers of apoptosis in LNCaP cells. In contrast, none of the treatments significantly affected the levels of cleaved PARP, caspase 3 and caspase 9 proteins ( Figure 5A Figure 1 is available at Carcinogenesis Online), whereas Bax protein levels significantly increased in PC-3 cells treated with the whole extract and AF.
Mitochondrial factors such as AIF and Endo G are also proapoptotic and contribute to caspase-independent cell death after being released from mitochondria and translocated into the nucleus (27) . After treatment with the whole potato extract or AF, nuclear AIF and Endo G protein levels were increased in LNCaP cells and PC-3 cells (Figure 5B ), demonstrating induction of caspase-independent apoptosis in both prostate cancer cell lines. Ã represents significant difference against control (DMSO) as determined by Fisher least significant difference (P , 0.05).
Anthocyanin fraction from potato extracts is cytotoxic to prostate cancer cells
These results show that the potato extracts and AF induced intrinsic apoptotic pathways in LNCaP and PC-3 cells; however, the mechanisms associated with these responses require further investigation. Anthocyanins are antioxidants and may modulate cellular redox reactions which can activate apoptosis (28, 29) ; therefore, we investigated the effects of NAC as a potential inhibitor of extract/AF-induced apoptosis. NAC did not affect the growth inhibitory effects of the AF ( Figure 5C ) in PC-3 cells, suggesting that the induction of oxidative stress and/or redox cycling was not associated with the proapoptotic responses induced by AF. Previous studies show that induction of ER stress (30, 31) and activation of kinase pathways such as JNK (28, 32) and MAPK (13) have also been linked to induction of apoptosis. Results summarized in Figure 6A show that glucose-related protein 78, a prototypical marker of ER stress (33, 34) is not induced by AF in LNCaP or PC3 cells; however, there was a time-dependent increase in both c-jun and erk phosphorylation which is indicative of JNK and MAPK activation. Since both of these pathways have previously been associated with induction of apoptosis (13, 14) , we further investigated the effects of JNK (SP600125) and MAPK (PD98059) inhibitors on induction of apoptosis by potato extracts and AF. The results in Figure 6B show that both PD98059 (PD) and SP600125 (SP) significantly decrease nuclear uptake of Endo G and AIF in LNCaP and PC-3 cells treated with the proapoptotic extract/fraction. Moreover, in LNCaP cells where the extract and AF strongly induce PARP cleavage, cotreatment with PD or SP also inhibited this response (Figure 6C ), further demonstrating the important role of the JNK and MAPK pathways on the proapoptotic activity of potato extracts and the AF in prostate cancer cells. We also investigated the effects of SP and PD on the antiproliferative activity of extracts and AF on growth of PC-3 ( Figure 6D ) and LNCaP ( Figure 6E ) cells. Although SP alone inhibited growth of PC-3 cells, the results show that both SP and PD significantly reversed the growth inhibitory effects of the potato extract and AF in both prostate cancer cell lines. The general caspase inhibitor z-VADfmk did not significantly decrease the whole extract and AF induced nuclear uptake of Endo G and AIF in LNCaP and PC-3 cells ( Figure  6F ). These data demonstrate for the first time that the proapoptotic activity of potato extracts and the AF are associated with activation of the JNK and MAPK-signaling pathways which are necessary for induction of caspase-dependent apoptosis and nuclear uptake of the proapototic factors Endo G and AIF (caspase independent).
Discussion
Consumption of fruits and vegetables has been associated with health benefits and protection from multiple diseases, including decreased incidence of some cancers. Fruit and vegetable intake were correlated with a decrease (non-significant) in the incidence of several chronic diseases, including cardiovascular disease in prospective studies which included the Nurses' Health (female) and Health Professionals Follow-up (male) studies (35) . Several other reports correlated intake Both cell lines were treated with whole extract (5 lg/ml) or the AF (5 lg/ml) for 12, 18 and 24 h. Whole-cell lysates were analyzed by western blotting as described in Materials and Methods. Similar results were obtained in duplicate experiments. (B) Nuclear uptake of Endo G and AIF. Both cell lines were treated with potato extract or AF at 5 lg/ml for 24 h, and nuclear, cytoplasmic and mitochondrial proteins were separated using a mitochondria isolation kit coupled with cytoplasmic and nucleus isolation kits. The nuclear protein fraction was analyzed by western blot analysis as described in Materials and Methods. Similar results were observed in duplicate experiments. (C) Effects of NAC. PC-3 and LNCaP cells were treated with 5 lg/ml of AF for 72 h after pretreatment with NAC (2 mM) for 30 min. Cell numbers were analyzed using a Coulter counter. Results represent mean ± SE for duplicate experiment.
L. Reddivari et al. of fruits and vegetables with decreased incidence of several cancers including prostate cancer (36) (37) (38) . The health benefits and anticancer activities derived from consumption of vegetables and fruits are associated with different structural and functional classes of phytochemicals, many of which exhibit both chemopreventive and chemotherapeutic activity. Not surprisingly, natural products and their synthetic analogs are major sources for development of pharmaceuticals (39) .
In this study, we have investigated the growth inhibitory/proapoptotic effects of extracts from various potato cultivars using ARpositive and AR-negative LNCaP and PC-3 prostate cancer cells, respectively. One of the objectives of this study was to identify specific Anthocyanin fraction from potato extracts is cytotoxic to prostate cancer cells cultivars with enhanced activity against prostate cancer, and initial growth inhibition studies (Figures 1 and 2 ) clearly show that extracts from the CO112F2-2 cultivar were highly active. This extract also exhibited the highest total phenolic content and antioxidant activity among the cultivar extracts; however, extracts of the PATX99P32-2 cultivar also exhibited comparable antioxidant activity and phenolic content, but were less active in the growth inhibition studies (Figures 1  and 2) . Fractionation of the CO112F2-2 cultivar extracts showed that the AF was the most active component, and both the potato extract and AF inhibited growth of LNCaP and PC-3 cells and blocked G 0 /G 1 -S phase progression only in the former cell line. Despite these differences, potato extract and AF induced the cyclin-dependent kinase inhibitor p27 in both cells (Figure 3) .
The potato extract and AF inhibited growth of LNCaP and PC-3 cells, and after prolonged treatment (72 h and longer), there was a pronounced accumulation of dead cells. Studies in several laboratories have reported that anthocyanins and their glycosides induce death of many different cancer cell lines, and this has been linked to caspasedependent apoptosis (3, 14, 15, (40) (41) (42) (43) (44) (45) . Results of ELISA and TUNEL assays for apoptosis (Figure 4 ) demonstrate that the potato cultivar extract and AF also induced apoptosis in LNCaP and PC-3, and this is consistent with the proapototic effects of anthocyanins in other cancer cell lines (3, 14, 15, (40) (41) (42) (43) (44) (45) . Moreover, the extract and AF induced PARP cleavage and activation of caspase 3 (cleavage) in LNCaP cells ( Figure 5A ), and these responses are typically observed for anthocyanin-induced caspase-dependent apoptosis in other cancer cell lines (3, 14, 15, (40) (41) (42) (43) (44) (45) . In contrast, PARP cleavage and caspase 3 activation were not observed in AR-negative PC-3 cells (Figure 5A ), demonstrating that anthocyanins differentially induced apoptosis in LNCaP (caspase dependent) and PC-3 cells where only a caspase-independent pathway appears to be activated in the latter cell line.
Endo G and AIF are proapototic mitochondrial proteins that can be released from the mitochondria by apoptosis-inducing agents or conditions (46) (47) (48) (49) . Both proteins are directly involved in DNA fragmentation and can be important mediators of caspase-independent cell death, although there are also reports that in some cells mitochondrial release of AIF and Endo G can be caspase dependent (46) . Since PC-3 cells undergo caspase-independent cell death ( Figure 5A ), we further investigated the role of AIF and Endo G in mediating potato extract and AF-induced apoptosis in LNCaP and PC-3 cells ( Figure 5B ). The results show that both potato extracts and AF induced nuclear uptake of Endo G and AIF in PC-3 and LNCaP cells and demonstrate for the first time that anthocyanins induce caspase-independent apoptosis in prostate cancer cells. Interestingly, the caspase-independent pathway is the major route for cell killing in PC-3 cells, whereas LNCaP cell death induced by the potato extract was both caspase dependent and caspase independent.
Previous studies showed that the anthocyanin delphinidin induced Bax expression (45) , and this was similar to potato extract/AFinduced up-regulation of Bax observed in this study ( Figure 5A ). Apoptosis induced by delphinidin in hepatoma cells was associated with induction of oxidative stress and was blocked by NAC and catalase (45) . However, NAC did not affect AF-induced effects on PC-3 and LNCaP cell survival, suggesting that oxidative stress was not a factor in mediating apoptosis in prostate cancer cells. Several previous studies show that one of the underlying proapoptotic mechanisms activated by anthocyanins in cancer cell lines involved modulation of kinases (14, 40, 45) . For example, delphinidin induced phosphorylation of JNK in hepatoma cells (45) , malvidin decreased phospho-erk but increased phosphorylation of p38 in gastric adenocarcinoma cells (14) and hibiscus anthocyanins (extract) also activated p38 in promyelocytic leukemia (HL-60) cells (40) . All of these anthocyanins inhibited cancer cell growth and induced apoptosis, and in both gastric and leukemia cells, the p38 inhibitor blocked anthocyanin-induced apoptosis (14, 40) . The AF from the potato extract induced phosphorylation of erk ( Figure 6A ) and c-jun, and both the JNK inhibitor SP6000125 and the MAPK inhibitor PD98056 blocked potato extract and/or AF-induced caspase-dependent apoptosis in LNCaP cells ( Figure 6C ) and caspase-independent Endo G and AIF nuclear translocation in PC-3 and LNCaP cells ( Figure 6B ). Thus, both apoptotic pathways were activated by the AF and extracts from potatoes, and these were dependent on upstream activation of MAPK and JNK pathways which appeared to act cooperatively since inhibition of the either kinase was sufficient to block apoptosis.
In summary, this study has identified a specialty potato cultivar (CO112F-2) that contains phytochemicals in the AF that inhibit LNCaP and PC-3 cell growth and induce apoptosis. Cell death pathways activated by the AF are associated with induction of MAPK and JNK in both cell lines, and these kinases cooperatively induce caspase-independent cell death in both cell lines and also caspase-dependent apoptosis in LNCaP cells. This study demonstrates for the first time that AF/potato extract induces mitochondrial release and nuclear uptake of the proapoptotic Endo G and AIF proteins. This represents an important and hitherto undetected mechanism of anticancer action for these phytochemicals in prostate cancer cells and has not been reported in other cancer cell lines. Current studies are focused on identifying individual components of the AF responsible for the induction of cell death pathways in prostate and other cancer cell lines. This will facilitate further development of potato cultivars which overexpress specific phytochemicals and thereby provide enhanced chemopreventive activity against cancer.
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